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1.0 Field Site
1.1 Introduction
1.1.1 Species survival in drought conditions
Extreme climate changes are increasing the risk of tree mortality across the globe
(Hammes et al., 2020; McDowell et al., 2008). Previous research has shown that streamflow of
rivers in the northern hemisphere have significantly decreased from historic flows during the
spring and summer months. Lower streamflow levels may result in more barren floodplain
forests (Rood et al., 2008). Current climatic shifts in Minnesota are creating environments with
severe summer droughts and less frequent but heavier rainfall and flooding events (Hammes et
al., 2020). Between 1895 and 2006, the Minnesota Pollution Control Agency (MPCA) reported
temperatures rising between 1.5 to 2 degrees F. Additionally MPCA reported an increase of 3
inches of precipitation through intense thunderstorms between these same years (Team, I.C.A.,
2010). These short but intense storms do not allow water to penetrate into the ground resulting in
reduced soil moisture throughout Minnesota (MN Department of Health). This is expected to
reduce the “habitat suitability” for certain species and could lead to monodominance as very few
species can survive both extreme drought and flooding events (Lopez & Kursar, 2007). However,
there is little understanding of the pattern of species survival through climate change (McDowell
et al., 2008).
Studies have shown that soil moisture has a direct relationship to the likelihood of tree
survival (Caspersen & Kobe, 2001; Lopez & Kursar, 2007; Breshears et al., 2005). The survival
rate is dependent on the species’ ability to tolerate drought through the development of deep
roots, function shut down, or stomatal closure (Caspersen & Kobe, 2001). Drought tolerant and
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drought sensitive trees with deep roots have access to deeper, more moist soil layers (Otieno et
al., 2006; Padilla & Pugnaire, 2007; Ho et al., 2005) and experience less drought-stress during
the dry season as compared to drought intolerant, shallow rooted trees which deplete the upper
soil layers from water quickly during the dry season (Padilla & Pugnaire, 2007). Drought tolerant
trees have been found to have more favorable tissue water status throughout a drought than
drought intolerant trees which only have access to the upper, drier soil layers (Otieno et al., 2006;
Saha et al., 2008). Due to this, the probability of mortality increases in drought intolerant species
as drought conditions increase through climate change (Caspersen & Kobe, 2001).
The relationship between drought tolerance and survival becomes ever more important to
study in environments that experience alternating flood and drought events. In seasonally
flooded forests (Lopez & Kursar, 2007) and Mediterranean communities (Otieno et al., 2006;
Padilla & Pugnaire, 2007), deep tree roots are found to be a crucial survival characteristic.
However, heavy flood events driven by climate change can prevent deep roots from developing
(Lopez & Kursar, 2007). Given that floodplain forests in Minnesota are experiencing longer
drought and more severe flood events, it would be expected that saplings that manage to grow
deep roots despite flooding could survive in a floodplain forest. Conversely, a lab experiment
demonstrated that shallow rooted genotypes were well suited in low phosphorus environments
which promoted seedling root growth and prepared the tree for drought events (Ho et al., 2005).
This suggests that saplings with shallow roots still have advantages that allow them to survive on
a floodplain forest.
1.1.2 Remote soil moisture availability
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The most accurate way of retrieving soil moisture conditions across an area is through in
situ measurements (Xu, 2018). Monitoring soil moisture through remote sensing can allow for a
large range of spatial and temporal coverage of the area of study. Optical, thermal infrared, and
microwave (active and passive) remote sensing techniques have been used to retrieve soil
moisture from satellite images. There are positives and negatives to each of these techniques
(Wang et al., 2009).
The primary objective of this study is to understand how soil moisture is depleted
underneath native and non-native Minnesotan tree species following a rain event. We
hypothesize that soil moisture will deplete more significantly and faster underneath drought
intolerant, shallow rooted species native to Minnesota. This study also focuses on utilizing
remote sensing techniques to calculate the soil moisture availability across a floodplain forest
using Landsat 8 images to compare satellite-derived and field-recorded soil moisture values to
assess the potential of these images to remotely estimate soil moisture in floodplains.
1.2 Location
Located within the Mississippi National River and Recreation Area (MNRRA), Crosby
Farm Regional Park is the largest natural park in St. Paul (Figure 1) (Harris et al., 2005). The
park itself is 534 acres of floodplain forest. The forest is centered at the confluence of the
Minnesota and Mississippi Rivers, acts as an urban recreational forest for the community, and
features 6.7 miles of trails for hiking and biking (Crosby Farm Regional Park).
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Figure 1. Crosby Farm Regional Park is located at the confluence of the Mississippi and
Minnesota rivers in St. Paul, Minnesota, Upper Midwest, United States.
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1.3 Adaptive Silviculture for Climate Change Network
The Adaptive Silviculture for Climate Change (ASCC) Network is a project that aims at
understanding the effect of climate change on forests across the US and Canada to explore
adaptive forest management strategies in the future. The ASCC Network project along the
Mississippi River National Park at Crosby Farm Regional Park in St. Paul is the first affiliate
ASCC project that is located in an urban setting (Hammes et al., 2020).
As temperatures in Minnesota rise and precipitation events become stronger and less
frequent, Minnesota is expected to experience more droughts during the summer. This will
negatively impact Crosby Farm Regional Park’s floodplain forest ecosystem and tree habitat. To
understand how to prepare the forests for this change in climate, the ASCC Network utilizes
three forest management approaches: resistance, resilience, and transition (Figure 2). Resistance
refers to keeping conditions the same but helping forests defend themselves against changes.
This involves planting more native vegetation. Resilience creates an environment that can
rebound back from disturbances and entails planting trees that can withstand floods and droughts
better than the current trees in the floodplain. Finally, transition instills a change in the condition
to promote a climate adaptive tree canopy. This approach focuses on integrating even more flood
and drought tolerant species or genotypes than those introduced in the resilience approach
(Hammes et al., 2020).
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Figure 2. Adaptive Silviculture for Climate Change Network treatment strategies. More changes
are instilled in the forest as the strategy moves from resistance to transition.

1.4 Environmental history
Due to the presence of the invasive pest Emerald Ash Borer (EAB) (Agrilus planipennis)
in Crosby Farm’s floodplain forest, this location is ever more important to monitor tree health
and growth. EAB is a beetle native to Asia that feeds on the phloem of ash trees (spp. Fraxinus).
It is presumed to have been brought to the United States through the shipping of non-native
plants. Adult EAB feed on ash foliage for 5 to 7 days before mating. The female EABs feed for
an additional week before laying between 50 to 90 eggs under the ash tree’s bark (Figure 3). The
eggs hatch two weeks later and the larvae feed on the phloem and cambium. This disrupts the
tree’s translocation and causes ringbarking (removal of the bark from the trunk; Figure 4).
Ultimately, this process leads to ash tree death in 1 to 3 years (Poland et al., 2006).
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Figure 3. D-shaped holes in ash trees’ bark created by Emerald Ash Borer. Image source:
Herms, Daniel (2007).

Figure 4. Ringbarking on a dead ash tree at Crosby Farm Regional Park. Serpentine marks are
signature patterns left by Emerald Ash Borer.

In 2002, Detroit, Michigan became the first United States city to report finding evidence
of EAB. EAB spread throughout 25 counties in Michigan and by 2006, Ohio, Indiana, and
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Illinois reported EAB in most of their counties (Figure 5) (Poland et al., 2006; USDA Forest
Service et al., 2004).

Figure 5. Spread of Emerald Ash Borer throughout the United States. Data source:
USDA APHIS, 2021; US county shapefile source: United States Census Bureau.

Minnesota has the largest ash-tree population in the United States with over 998 million
trees (Rudolf, 2015). Minnesota reported its first visual evidence of disturbed ash trees from
EAB invasion in 2009 but evidence shows EAB likely existed in Minnesota as early as 2004
(Jorgensen, 2012). The first discovery of EAB in Minnesota was in the St. Anthony Park
neighborhood in St. Paul. In 2011, a second hotspot in the city occurred at the intersection of
Dale Street and Summit Avenue (Jorgensen, 2012). A 2020 monitoring report confirmed that
EAB has spread through 100% of the city of St. Paul and is expected to kill all ash trees in 10 to
15 years. As St. Paul’s in its 17 th year post-introduction, they are at a critical point in eradicating
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the invasive pest (St. Paul Natural Resources, 2020). From 2004 to 2020, over 2,500 ash trees
were removed from St. Paul Parks (St. Paul Natural Resources, 2020). A 2018 analysis on
Crosby Farm Regional Park showed an expected 20% canopy loss within the next 10 years due
to EAB (Vezner, 2018).
1.5 Temperature and precipitation
EAB, coupled with increasing temperatures and floods in Minnesota make Crosby an
important location for monitoring forest health and soil moisture. Temperatures in the Twin
Cities metro area have risen between 3 to 9 degrees F in the last century (Figure 6A and 6B).
From 1990 to 2021, St. Paul’s average monthly maximum temperature has risen by over 5
degrees in some months and the average monthly maximum temperature has risen by over 10
degrees in some months. The Minnesota Pollution Control Agency predicts that, based on
models, the temperature will continue to rise another 3 to 5 degrees F through the mid-century
(MPCA, 2021).
Increased severe precipitation events in the Twin Cities have escalated the number of
floods in the state (Figure 7). The Environmental Protection Agency reports that precipitation has
increased by 5 to 10 percent across the Midwest between 1970 and 2021. This is predicted to
continue increasing over the next century with even more intense thunder and rainstorms (EPA,
2016).
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Figure 6. A. Minimum temperatures in St. Paul, Minnesota from the Twin Cities International
Airport. Minimum temperatures have, on average, risen in the past 31 years, especially during
the summer and early fall months. B. Maximum temperatures in St. Paul. Maximum
temperatures have particularly risen in the early fall months. Error bars represent the actual
spread of minimum or maximum temperatures for each month. Data source: MN DNR.

Figure 7. Average precipitation from rain and snowfall every 8 years from 1990 to 2021.
Significant flood events are becoming more regular in the city of St. Paul. Data source: MN
DNR.
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1.6 Topography
The Crosby Farm Regional Park floodplain ranges from 215.07 to 211.63 meters in
elevation (Figure 7). Elevation of each plot is noted in Appendix A 1. There is a 1.59 meter
difference between the plot on the highest elevation (plot 1) and the plot on the lowest elevation
(plot 17).

Figure 7. A. Digital elevation model of Crosby Farm using 1x1 meter resolution data
from MnTOPO. B. Zoomed in DEM of the plots at Crosby Farm. Plot 17 is the only plot at a
lower elevation than 213 to 214 meters.

1.7 Vegetation communities
All plots analyzed in this study are in the Ash-Elm Mixed Lowland Hardwood Forest as
determined by the National Park Service vegetation analysis (Figure 8). Due to the large
presence of ash trees on the floodplain, it is principal to monitor tree survival as EAB has killed
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most of the ash trees. Prior to EAB, this forest consisted of a dense super canopy and subcanopy
that created an almost complete tree canopy. The species included boxelder, silver maple,
common hackberry, green ash, American basswood, and American elm. There were sparsely
growing eastern cottonwoods and bur oaks in some stands. These stands were often dominated
by evenly aged tall eastern cottonwoods with silver maples forming a dense subcanopy below
them (Harris et al., 2005). Today, these trees still survive on the floodplain but are not as densely
populated. Buckthorn, common prickly ash, Missouri gooseberry, and common elder make up
the shrub canopy while the ground cover is bare, leaf litter, downed wood, ground ivy, Canadian
wood nettle, Ontario aster, ambiguous sedge, goldenglow, and Creeping Charlie (Figure 9)
(Harris et al., 2005). Sections within the Ash-Elm Mixed Lowland Hardwood Forest are part of a
Boxelder Disturbed Forest. This almost entirely box elder canopy is low, patchy, and
non-continuous. The canopy ranges from 25 to 50 percent cover. These areas contain many large
canopy openings (Harris et al., 2005).
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Figure 8. Vegetation communities at Crosby Farm Regional Park. All plots sit within the
Ash-Elm-Mixed Lowland Hardwood Forest which consists of a dense forest canopy.

Figure 9. Diverse ground cover at Crosby Farm.
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1.8 Soil
1.8.1 Web Soil Survey
The ASCC plots sit on soils that range from loamy sand to silt loam (Figure 10). Plots 1
through 11 and plot 17 sit on the Algansee loamy sand while plots 13, 14, 15, and 16 sit on the
edge of the Algansee loamy sand and the Chaska silt loam. Plots 18 through 24 are located on
the Chaska silt loam.
The Algansee loamy sand has an A and a C horizon. The A horizon ranges from 0 to 6
inches of depth and is loamy sand. This horizon has a pH of 4.5 to 7.8. The C horizon is 6 to 60
inches of sand and has a pH of 4.5 to 8.4. Parent material for this soil is sandy alluvium. This soil
is somewhat poorly drained, and occasional flooding occurs.
The Chaska silt loam has an A, C1, and C2 horizon. The A horizon ranges from 0 to 6
inches in depth and is silt loam. The pH of the A horizon varies from 6.6 to 7.8. The C1 horizon
ranges from 6 to 36 inches in depth and is stratified very fine sandy loam to silt loam. The C1
horizon has a pH of 7.4 to 7.8. The C2 horizon ranges from 36 to 60 inches and is stratified fine
sandy loam to loamy fine sand and has a pH of 7.4 to 8.4. Parent material of this soil is alluvium.
The Chaska silt loam is poorly drained and frequent to occasional floods occur (USDA Natural
Resources).
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Figure 10. Soil types as determined by the Web Soil Survey. Soils at Crosby range from loamy
sand to silt loam with water bodies, rock outcrops, and urban land surrounding the park.

1.8.2 Laboratory analysis
Soils within the ASCC plots range from sandy to loamy silt based on laboratory analysis
(Figure 11). Plots 1, 6, 9, 10, 11, 22, and 23 contain sandy soils while plots 4, 17, and 24 contain
loamy silt soils.
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Figure 11. Soil texture analysis based on a laboratory experiment shows soils range from sand to
loamy silt.

1.9 Indigenous land
Bdote is the Dakota word for where two waters come together. The Bdote of the
Minnesota and Mississippi Rivers is a central location to Dakota history. The ASCC Network
project takes place at Bdote which is Dakota land.
There are seven Dakota tribes of Očhéthi Šakówiŋ which are divided into eastern and
western tribes and the Tituŋwaŋ. The four Eastern Dakota tribes are Mdewankanton, Wahpekute,
Wahpetonwon, and Sisseton. The two western Dakota tribes are Yankton and Yanktonai. The
Tituŋwaŋ is the seventh group, the largest group, and is subdivided into another seven tribes
including Oglala, Hunkpapa, Sihasapa, Miniconjou, Sicangu, Itazipo, and Oohemumpa (Native
Land Digital, 2021).
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The Dakota creation story is centered in Mni Sota Makoce. Bdote and Bde Wakan are
important locations to the Dakota genesis and are thought of as the center of the earth. The
Dakota tribe that calls Bdote and Bde Wakan home is the Mdewakaŋtoŋwaŋ Tribe (Native Land
Digital, 2021; Minnesota Humanities Center).
The Mdewakaŋtoŋwaŋ are descendants of Chief Cetan Wakuwa Mani or "Little Crow ''
of the Kaposia Band of the Mdewakaŋtoŋwaŋ Dakota. Kaposia Village is located near Wakan
Teebe (now called Carver's Cave) next to the Wakpa Tanka (now called the Mississippi River).
The location allowed for the Mdewakaŋtoŋwaŋ to thrive as they allowed the land to feed them
and the water to quench their thirst. However, a series of treaties deeply impacted the whole
Dakota community: 1805 Pike Treaty at Mendota, 1830 Treaty at Prairie du Chien, 1837 Treaty
at Washington, 1851 Treaty at Mendota. These treaties forced the Kaposia Village to leave their
sacred site of Wakan Teebe (MMDTC, 2020; Minnesota Historical Society, 2008).
Conflict between the United States and the Dakota people began in 1805 when Zebulon
Pike had the Dakota sign a treaty that gave the US government 100,000 acres of land at Bdote. In
exchange for this land, Pike assured payment and safety for the Dakota; neither of which he held
promise. In 1825, the government wanted to define tribal borders to make it easier to identify
native land they could purchase. Between 1837-1858, the US government continued to take
Dakota land in return for money and goods. At the same time, the government encouraged
settlers to build homes on Dakota land. As settlers implemented their agricultural practices, this
left Dakota people with little land and resources for hunting (Minnesota Historical Society, 2008;
Holocaust and Genocide Studies; MMDTC, 2020).
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Once the United States entered the Civil War, the US government stopped their exchange
of food to the Dakota. The people starved. On August 17, 1862, the Dakota Uprising began.
After many battles, sieges, and war, white colonists forced Dakota people into a concentration
camp confined on their sacred land at Wita Tanka (MMDTC, 2020). Thousands of Dakota people
died due to lack of food, water, and exposure during the winter months (Minnesota Historical
Society, 2008). In November, trials against the Dakota Warriors were held at Fort Snelling.
President Lincoln ordered that only the Dakota involved in the war would be sentenced to death.
In 1863, the US government sent the remaining Dakota to Nebraska and passed a law making it
illegal for Dakota to reside in Minnesota (Minnesota Historical Society, 2008; Holocaust and
Genocide Studies).
The Mendota Mdewakaŋtoŋwaŋ Dakota Tribal Community (MMDTC) is a non-profit
with 125 members and functions off of contributions and donations from members and honorary
members. MMDTC works towards “Preserving, protecting, and promoting the Dakota culture for
future generations” (MMDTC, 2020).
2.0 Methods
2.1 Experimental design
Due to the environmental impacts from EAB, climate change, and the fact that it is a
highly used urban park, Crosby Farm Regional Park is a significant place of study. Emerald Ash
Borer has caused large areas across the floodplain to experience extreme canopy loss due to the
high mortality and removal of ash trees. The ASCC Network set up 24 1/10-acre fenced plots
within these areas of open canopy and contain 57 trees that come from nurseries of the same
USDA hardiness zone (Figure 12). Resistance plots contain trees from hardiness zone 4,
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resilience plots contain trees from hardiness zone 5, and transition plots contain trees from
hardiness zone 6. All three treatment plots contain silver maple trees from hardiness zone 4.
Control plots are unplanted 1/10-acre fenced spaces. See Appendix A 2 for a full breakdown of
species that exist in each treatment.

Figure 12. USDA Hardiness Zone map. Trees in this experiment come from hardiness zones 4,
5, and 6.

Resistance plots contain silver maple (Acer saccharinum), American elm (Ulmus
americana), eastern cottonwood (Populus deltoides), common hackberry (Celtis occidentalis),
and river birch (Betula nigra). Resilience plots contain silver maple (Acer saccharinum),
American elm (Ulmus americana), cottonwood (Populus deltoides), black willow (Salix nigra),
river birch (Betula nigra), bur oak (Quercus macrocarpa), American sycamore (Platanus
occidentalis), and swamp white oak (Quercus bicolor). Transition plots contain silver maple
(Acer saccharinum), red maple (Acer rubrum), American sycamore (Platanus occidentalis), river
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birch (Betula nigra), sweetgum (Liquidambar styraciflua), southern pin oak (Quercus palustris),
honey locust (Gleditsia triacanthos), and tulip poplar (Liriodendron tulipifera).
2.2 Soil moisture measurements
To directly compare native and future adapted tree species responses to a drought
summer, we selected the healthiest tree of each species in each of the resistance and transition
plots at Crosby Farm. On July 14th, 0.21 inches of rain fell. Following the rain event, we took
two measurements of the volumetric water content underneath the selected trees. We cleared the
mulch away from the base of the tree to reach the soil, placed the Campbell Scientific
HydroSense II 20 cm probe into the soil, and recorded the volumetric water content in the
rooting zone of the tree (Figure 13).

Figure 13. Methods used to record the volumetric water content in the rooting zone of each tree.

We gathered a quarter cup of soil from the plot center in each of the plots we gathered
soil moisture data. We placed part of the soil samples into trays and weighed them. We baked the
samples at 100 degrees Celsius for four hours and reweighed the now dry samples. To burn off
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the organic matter, we placed the samples back into the oven at 550 degrees Celsius for five
hours and recorded the weight of the sample.
To quantify the texture of the soil in each plot we placed baked samples into graduated
cylinders and filled the graduated cylinder with water. We derived Stokes Law (Equation 1) and
calculated that the sand material should take 23 seconds to settle, silt should take 27 minutes to
settle, and clay should take up to 24 hours to settle (Figure 14).
Equation 1:
ρ1 =

𝑚1
𝑣1

m = mass
v = volume
∑𝑚

ρ=

=

(ρ1𝑣1+ρ2𝑣2+ρ3𝑣3)

∑𝑣

∑𝑣

ρ = 𝑚𝑒𝑎𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
Mass percent =

𝑚1

=

∑𝑚

Repeated for all samples.

ρ1𝑣1
ρ∑𝑣

= ρ1𝑣1(

1
ρ∑𝑣

)
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Figure 14. Collected bag of soil sample. Measured soil sample on an oven tray. Soil
texture analysis set up.

2.3 Remote sensing
2.3.1 Image retrieval
Landsat 8 tier 1 calibrated top-of-atmosphere reflectance images were accessed through
Google Earth Engine (GEE) (Gorelick et al., 2017). To compare in situ soil moisture
measurements to the remotely sensed surface soil moisture index, the image collection (i.e
collection of all Landsat images in repository) was filtered to access only the image from July
20, 2021 which corresponds to the last day of field measurements. The Normalized Difference
Vegetation Index (NDVI) (Rouse et al., 1974) was calculated in reflectance using the red and
near infrared bands (Equation 2). NDVI is a vegetation index that directly correlates with
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photosynthetic activity. Using a reduce function in GEE, the minimum and maximum values of
NDVI were calculated for the July 20, 2021 image. Fractional vegetation (FV) was calculated
using the minimum and maximum NDVI values (Equation 3). The emissivity (EM) was
calculated using the FV and two correction values of the equation (Equation 4). Using the
previously completed calculations and the thermal band of Landsat (BT), the land surface
temperature (LST) was calculated for every pixel in the July 20, 2021 image (Equation 5). To
convert the LST from Celcius to Kelvin, a constant of 273.15 was added to the LST equation.
Ultimately, GEE was used to retrieve a July 20th, 2021 image from Landsat 8 to get 30x30m
resolution NDVI and 100x100m resolution LST data. These values were used to calculate the
soil moisture availability at the soil surface using the Universal Triangle method described
above.

Equation 2
NDVI = (NIR-Red)/(NIR+Red)
NIR: Near infrared band of Landsat
Red: Red band of Landsat

Equation 3
FV = ((NDVI - NDVImin)/(NDVImax-NDVImin))2
NDVImin: minimum pixel value of NDVI in the image
NDVImax: maximum pixel value of NDVI in the image
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Equation 4
EM = 0.004*FV+0.986

Equation 5
LST = (BT/(1+(0.00115*BT/1.4388)*ln(EM)))+273.15

2.3.2 Data retrieval
The NDVI and LST indices can be related to each other in a complex manner to gain
surface soil moisture (SSM) values. Work done by Price (1990), Carlson et al., (1994; 1995), and
Gillies and Carlson (1995) developed a model called the Triangle Concept. The Triangle Concept
was further developed by researchers and is now widely applied through the vegetation
index/temperature (VIT) trapezoid (Moran et al., 1994) and the
soil-vegetation-atmosphere-transfer (SVAT) model (Gillies and Carleson, 1995). The Triangle
Concept is referred to as the Universal Triangle. The Universal Triangle uses the NDVI and LST
of a pixel to calculate the SSM.
The triangle is best presented through a scaled surface radiant temperature (T*) (Equation
6) and a fractional vegetation cover (Fr) (Equation 7).

Equation 6
𝑇*

=

(𝑇 − 𝑇𝑚𝑖𝑛)
(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)

T is the surface radiant temperature
Tmin is the temperature pertaining to vegetation in well-watered soil
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Tmax is the temperature of dry soil

Equation 7
*

𝑁𝐷𝑉𝐼 =

𝑁𝐷𝑉𝐼 − 𝑁𝐷𝑉𝐼𝑜
𝑁𝐷𝑉𝐼𝑠−𝑁𝐷𝑉𝐼𝑜

NDVI is the original NDVI value
𝑁𝐷𝑉𝐼𝑜 is the minimum NDVI value
𝑁𝐷𝑉𝐼𝑠 is the maximum NDVI value

These scaled variables are plotted on an XY coordinate system. Their outputs give SSM
availability “expressed as T*/Fr space as isopleths of SSM availability and the
evapotranspiration fraction EF” (the ratio between surface evaporation and net radiation at the
surface). The SSM availability is defined by Equation 8.

Equation 8
3

3

*𝑖

𝑗

𝑆𝑆𝑀 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = ∑ ∑ 𝑎𝑖𝑗𝑇 𝐹𝑟
𝑖=0 𝑗=0

Both the i and j subscripts refer to the modeled surface radiant temperature T* and fractional
vegetation cover as coefficients. Carlson (2007) defined the coefficients of the polynomial
relationship for soil moisture availability as shown in Table 1. Equation 8 can be expanded into
Equation 9 to calculate the SSM availability (Xu et al., 2018).
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Table 1. Polynomial coefficients for Equation 8 and 9 which describe the relationship between
fractional vegetation (NDVI) and LST to soil moisture availability.
𝑎𝑖𝑗

j=0

j=1

j=2

j=3

i=0

2.058

-1.644

0.850

-0.313

i=1

-6.490

1.112

-3.420

-0.062

i=2

7.618

3.494

10.869

4.831

i=3

-3.190

-3.871

-6.974

-16.902

Equation 9
*

*2

*2

* *

𝑆𝑆𝑀 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑎00 + 𝑎10𝑁𝐷𝑉𝐼 + 𝑎20𝑁𝐷𝑉𝐼 + 𝑎01𝑇 *+ 𝑎02𝑇 + 𝑎11𝑁𝐷𝑉𝐼 𝑇 +
*2 *2

* *2

*2 2

𝑎22𝑁𝐷𝑉𝐼 𝑇 + 𝑎12𝑁𝐷𝑉𝐼 𝑇 + 𝑎21𝑁𝐷𝑉𝐼 𝑇

NDVI and LST, calculated using Equations 2 and 5 respectively, along with Equations 6,
7, and 9 were used to calculate SSM availability using the Universal Triangle.
3.0 Results
3.1 In situ soil moisture
Silver maple trees exist in all plots at Crosby. This allows us to analyze plot, plot zone,
and treatment changes in soil volumetric water content without the effect of species (Figures 15
and 16). An analysis of variance test reveals that there is a significant difference in the
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volumetric water content between plots (p-value < 0.0001) and across the three dates (p-value =
0.0179). See Appendix A 3 for the significant plot difference results of the post-HOC test. On
average, the mean volumetric water content on the sixth day post rainfall is 2.627287% less than
the mean volumetric water content on the second day post rainfall. We are 95% confident that on
average, the mean water content on the sixth day after rain is between 4.752210 and 0.5023642%
less than the mean water content on the second day when treatment and plot are held constant.
There is a 1.4% probability that there is no true difference in the mean volumetric water content
between these two dates (p-value = 0.0148604) and therefore there is enough evidence to
conclude that there is a true decrease in the volumetric water content between the second and
sixth day post rain.

Figure 15. Analysis of silver maple data to take out the effect of tree species differences in soil
moisture. There is a true difference between the resistance and transition treatments. Plots 1, 4,
17, 23, and 24 are significantly higher than more than one other plot.
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Figure 16. Average volumetric water content below each species across three measurement
dates.
We also found that there is a significant difference in the average volumetric water
content between resistance and transition plots (p-value = 0.00943). We are 95% confident that
the average volumetric water content in resistance plots is between 0.45 to 3.01% less than the
average volumetric water content in transition plots. The confidence interval does not include a
null value of 0 and therefore there is enough evidence to suggest that there is real positive
increase in the volumetric water content from resistance to transition plots. Based on a
significance threshold of 0.05, we can conclude that there is a true change in the volumetric
water content between the two treatments (p-value = 0.009) which indicates that there is a 0.9%
probability that there is no real difference in the volumetric water content between the two
treatments. The volumetric water content averaged across all measurements taken in resistance
plots is 1.732% less than the volumetric water content in transition plots in terms of raw values
(Figure 17).
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Figure 17. Mean water content in resistance and transition treatments across the three dates.
Transition plots stayed significantly wetter than resistance plots over the course of the
measurements.

Within resistance plots alone, the aov test determines that there is a significant difference
in average volumetric water content between species (p-value = 0.0351) but no significant
variation in average volumetric water content between the three observation days (p-value =
0.05819) (Figure 18). See Appendix A 4 for a complete list of significant species differences of
the post-HOC test. On average, the mean volumetric water content below river birch is lower
than the mean volumetric water content below American elm, eastern cottonwood, silver maple,
and swamp white oak. The 95% family wise confidence interval for the mean difference between
river birch and these species does not include the null value of 0 and therefore we have enough
evidence to conclude that there is a true positive increase in mean volumetric water content
below American elm, eastern cottonwood, silver maple, and swamp white oak from river birch.
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Within transition plots, the aov test demonstrates that there is a significant difference in
average volumetric water content between species (p-value = 0.003909) and observation dates
(p-value = 0.000819) (Figure 19). See Appendix A 5 for a complete list of significant species
differences of the post-HOC test. On average, the mean volumetric water content below river
birch is lower than the mean volumetric water content below pin oak, red maple, and tulip
poplar. We are 95% confident that there is always a real increase in water content below these
species from river birch. The analysis of variance test estimates that the mean difference in
volumetric water content in transition plots on the fourth day post rainfall is 1.9211190% less
than the water content in transition plots on the second day. We are 95% confident that the mean
change in water content is between 3.254215 and 0.5880226% less on the fourth day than the
second day. There is a 0.6% probability that there is no real decrease in water content between
the two dates (p-value = 0.0061024). The analysis of variance test estimates that, on average, the
volumetric water content is 2.4874286% less on the sixth day than the second day in transition
plots. We are 95% confident that the mean decrease in water content ranges from 3.820525 to
1.1543321% less on the sixth day than the second day. There is a 0.08% probability that there is
no true decrease in volumetric water content in transition plots from the second to the sixth day
(p-value = 0.0008652). The raw change in mean volumetric water content from the second to the
fourth day is -1.18312%. The raw change in mean volumetric water content from the second to
the sixth day is -2.15568%.
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Figure 18. Average volumetric water content below species in all resistance plots across the
three dates.

Figure 19. Average volumetric water content below species in all transition plots across the three
dates.

3.2 Universal Triangle
We found that the soil moisture availability derived from the Universal Triangle model
did not correlate well with our in situ soil measurements. Figure 20 is a scatterplot showing the
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pixel values of fractional vegetation versus the corrected surface temperature. Each point
represents a single pixel in the Landsat 8 image and the Universal Triangle SVAT model can be
overlain on this scatterplot to estimate the soil moisture availability. This technique was used to
evaluate the correlation between our field measurements and satellite derived measurements.
Figure 21A is a scatterplot of the fractional vegetation versus the scaled surface temperature. The
pixels that contain field measured soil moisture values are highlighted in gradient colors where
purple is higher soil moisture and red is lower soil moisture. For a closer look at these values see
Figure 21B.

Figure 20. Scatterplot of pixel values for fractional vegetation derived from NDVI versus the
scaled LST; both derived from Landsat 8 30x30m resolution images. Far right, where LST values
are highest, represents the warm edge of the Universal Triangle where low soil moisture should
occur.
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Figure 21. A. Fractional vegetation versus the scaled land surface temperature derived from
Landsat 8. Highlighted points represent the pixels that have observed (field) soil moisture values.
B. Scatterplot of fractional vegetation vs scaled land surface temperature zoomed into pixels
containing field measured soil moisture values.

Using the SVAT model developed by Penn State and used by Carlson (2007), the
Universal Triangle was overlaid on Figures 3A and 3B using Adobe Illustrator (Figures 22A and
22B). We estimated the predicted values of soil moisture availability using this overlay. Figure
23 is a histogram showing the difference in the predicted and observed values for soil moisture
availability. The x-axis has units of m3/m3 and the y-axis is the number of observations with that
difference (note: volumetric water content (%) can be converted to soil moisture availability
(m3/m3) by dividing by 100). The difference ranges from 0.47 to 0.91 m3/m3 and has a standard
error of 0.042 m3/m3, a standard deviation of 0.16 m3/m3, and there is a mean absolute error of
10.81 m3/m3. These results show that this model should be used with caution as the mean
absolute error is relatively high compared to the range of soil moisture availability values.
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Figure 22. A. Model triangle superimposed over retrieved fractional vegetation (%) and surface
temperature values. Slightly slanting lines represent the values of soil moisture availability
starting from 0.0 on the right and increasing by 0.1 towards the left. B. Follows the same axes
for Figure 4A. Scatterplot zoomed in to view observed soil moisture values with a superimposed
model triangle. Model developed at Penn State and called the Simsphere; model provided by
Carlson (2007).

Figure 23. Histogram of the difference in the predicted soil moisture availability and the
observed soil moisture availability from field measurements.
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We calculated the soil moisture availability using Equation 9. This calculation was
unsuccessful and returned values ranging from 1.914011 to 374,894.4 m3/m3. The difference
between the remotely sensed soil moisture values and the measured values ranges from
183,869.4 to 261,821.1 m3/m3. The standard error is 5280.6 m3/m3, Figure 24A shows the
predicted soil moisture availability versus the observed soil moisture measurements in the field.
The x and y-axes have units of m3/m3. Multiple observed values exist for each predicted value as
many soil moisture measurements were taken within each pixel. Figure 24B shows predicted
versus the averaged observed soil moisture value for that pixel. There is a correlation of -0.39 for
Figure 24B. Overall, the standard error, standard deviation, and mean standard error of this study
are quite large which demonstrates that this method is not successful at remotely measuring the
soil moisture availability on this floodplain forest

Figure 24. A. Scatterplot of the predicted soil moisture values derived from Equation 9 versus
the observed field measured values. B. Scatterplot of the predicted soil moisture values derived
from Equation 9 versus the averaged observed field measured values for a single pixel. Lines of
fit shown in blue.
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4.0 Discussion
4.1 In situ soil moisture
Dry soil conditions below river birch may suggest that this species only has access to
shallow soil layers that were depleted in water quickly after the July 14th rainfall. River birch
has been found to rely on shallow soil layers for water sources until the late growing season
where they rely heavily on deeper water sources (White & Smith, 2015). However, river birch
trees are known to only produce surface roots in wet soils (University of Kentucky, 2021) which
may prevent them from accessing deeper sources of water. These findings both focus on mature
river birch trees and little research has been done on water uptake in river birch saplings. River
birch's shallow root architecture could explain why we observed significantly lower soil moisture
levels in its rooting zone compared to other resistance and transition species in this study.
Similar to river birch, red maple also has extensive shallow root systems as a mature tree
(University of Kentucky, 2021). Red maple leaf water potential has been found to change
significantly with changing upper soil moisture levels suggesting that red maple strongly relies
on water in shallow soil layers as its primary water source (Thomsen et al., 2013). Red maples
are also not known to be drought tolerant but specific tree selections have been found to grow on
dry land (Gilman & Watson, 1993 and Abrams, 1998). Red maples with high survival rates in
dry soil conditions rely on their ability to have control over transpiration rates to limit water loss
(Abrams, 1998). Though it is unclear why our red maple saplings in transition plots have a
significantly higher moisture content in their rooting zone than river birch, sycamore, and tulip
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poplar, it is possible these red maples have strong control over their stomata water loss during
drought.
Though it is widely known that soils with fine textures can hold more water than soil with
coarse textures (Reza et al., 2015 and Sharma et al., 2014), based on laboratory results, the soils
in the ASCC plots at Crosby are not significantly different from each other (see Figure 11). It is
unlikely that soil texture is driving moisture variation between plots. However, laboratory
analysis revealed that an increase in organic matter often showed an increase in soil moisture
content with a correlation of 0.67 (Figures 25 and 26). Lietchy et al. (1997) and Carter (2020)
found that topography alters soil organic matter storage and that organic matter is often higher in
pitted areas than on flat land or slopes.

Figure 25. Organic matter mass percent by plot as measured using a loss on ignition and organic
matter burn off test.
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Figure 26. Mean volumetric water content vs organic matter content. As organic matter
increases, the mean volumetric water content also increases, on average.

Differences between plots could be a result of topographic differences on the floodplain.
Plot 17 has significantly higher soil volumetric water content than most other plots. Plot 17 sits
at the base of a sloped portion of the floodplain as supported by the DEM (Figure 7). Previous
research has shown that areas of low topographic relief have higher volumetric water contents in
the near surface soil layers than areas of high topographic relief (Engstrom et al., 2005).
Additionally, the saplings in plot 17 had a lower survival rate than the saplings in other plots.
This may have contributed to the higher volumetric water content as the VWC reflects the lack
of water uptake by healthy trees within the plot. One study found that species survival was linked
to topography in seasonally flooded forests where most seedlings survived on mounds or flats
and not in depressions (Lopez & Kursar, 2007).
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To understand the impact of elevation changes on the floodplain, plot 17 was taken out of
the data and results were analyzed without plot 17. We found that without plot 17, there was no
significant difference in the mean volumetric water content between resistance and transition
plots (p-value = 0.27786) (Figure 27). This also changed which trees were most significantly
different within the transition plots (Figure 28). Without considering measurements taken in plot
17, tulip poplar had significantly higher water content in its rooting zone than river birch, silver
maple, and sycamore (p-value < 0.001 in all three instances). Tulip poplar has been found to
have low drought tolerance and a poor resistance to the impacts of drought (Carter et al., 2013)
so it is surprising that this species maintained high water content in its rooting zone. Overall,
these results are unsurprising as it is well understood that areas of low topographic relief have
higher soil moisture content than areas of high topographic relief (Engstrom et al., 2005).

Figure 27. Mean volumetric water content in all resistance and transition treatment plots across
time without plot 17 in the visualization. There is no significant difference between the two
treatments.
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Figure 28. Mean volumetric water content below species in transition plots without the effect of
plot 17.

4.2 Universal Triangle
Recent studies that utilize the Universal Triangle have found mixed results on the
accuracy and dependability of this method. Studies that rely solely on Landsat or MODIS images
find that the resolution is too coarse to gather accurate soil moisture measurements (Klinke et al.,
2018; Wang et al., 2007; Piles et al., 2011). Other studies that combine both MODIS and Landsat
have found results that are strongly correlated to their field measurements (Xu et al., 2018). The
fused MODIS - Landsat approach used by Xu et al. found that despite downscaling the spatial
resolution to 120m, the spatial and temporal resolution may need to increase to gather more
accurate results.
The Universal Triangle proved to not work well for our study area during a summer
drought season. The results show that the spatial resolution may be too coarse to retrieve soil
moisture availability across a small landscape. Klinke et al. (2018) found that the spatial
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resolution of the 100x100m thermal band was a large limiting factor in the use of Landsat which
impacted their small sampling size of field measurements. These results were also found by
Wang et al. (2009) as the ground samples did not represent the entire 1km resolution of the
MODIS pixel. The small number of closely spaced field measurements in this study likely
decreased the accuracy of remotely derived soil moisture availability data.
Points that are outliers may represent standing water, cloud cover, or other non typical
surfaces and should be disregarded in this model. This includes pixels that are on the dry or wet
edges of the triangle (Carlson, 2007). At our study area, standing water has high values of NDVI
due to narrow leaf cattail, water lilies, reed canary grass, and purple loosestrife which grow in
and around the standing water (Harris, 2005). As such, our results may be skewed from a typical
Universal Triangle.
The Universal Triangle works the best when a full range of NDVI (Fr) and LST (T)
values are measured across the study area. This includes measurements of complete vegetation
coverage and bare soil (Carlson, 2007; Piles et al., 2011; Klinke et al., 2018). Our study area has
experienced over a 20% canopy loss in recent years due to impacts from an invasive beetle.
Areas where field measurements were made had little to no canopy coverage and therefore our
results may not reflect the entire study site accurately.
5.0 Summary of conclusions
5.1 In situ soil moisture
In summary, our results show that topography is driving soil moisture variation over a
large scale while species selection is driving soil moisture variation over a smaller scale. Our
study suggests that, for small scale soil moisture control on a floodplain forest that is prone to
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drought, planting species that have strong stomata control or deep rooting systems may prevent
soil moisture from drying out as rapidly during drought events.
5.2 Universal Triangle
In general, higher spatial resolution is needed for the Universal Triangle method to be
applied on a small floodplain forest with variable soil moisture content. In future studies, longer
temporal field measurements should be made to correlate the Universal Triangle soil moisture
availability with field measurements. These measurements should be taken across a wide range
of vegetation coverage where temperature may vary more significantly.
6.0 Limitations
Few limitations to this study include the small amount of data collected and the lack of
soil moisture content recorded in the plots surrounding plot 17 that also lay within the lower
elevation. To better support this study, future field measurements of soil moisture content post
rainfall should be recorded and analyzed.
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8.0 Appendices
8.1 Appendix A
Appendix A 1. Elevation of the 24 ASCC plots at Crosby Farm. Plot 17 sits in the lowest
elevation and plot 1 sits in on the highest elevation.
Plot

Elevation (m)

Plot

Elevation
(m)

1

214.42

11

214.22

4

214.25

17

212.83

6

214.11

22

214.03

9

213.93

23

214.05

10

213.97

24

213.88

Appendix A 3. Complete list of species and their hardiness zone that exist in each treatment
type. Silver maple from hardiness zone 4 is the only species to exist in all three treatments.
Species

USDA

Plot type

Hardiness Zone
Silver maple

4

Resistance

American elm

4

Resistance
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Eastern cottonwood

4

Resistance

Hackberry

4

Resistance

River birth

4

Resistance

American elm

5

Resilience

Eastern cottonwood

5

Resilience

Black willow

5

Resilience

River birch

5

Resilience

Bur oak

5

Resilience

American sycamore

5

Resilience

Swamp white oak

5

Resilience

Silver maple

5

Resilience

Silver maple

4

Resilience

Red maple

6

Transition

American sycamore

6

Transition

River birch

6

Transition

Sweetgum

6

Transition
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Southern pin oak

6

Transition

Honey locust

6

Transition

Tulip poplar

6

Transition

Silver maple

6

Transition

Silver maple

4

Transition

Appendix A 3. Raw values for the volumetric water content under silver maple trees in unique
plots. The plot column represents the two plots in comparison while the second column
represents their average volumetric water content difference. For example, 4-1 represents the
difference of the mean volumetric water content below silver maples in plot four subtracted by
the mean volumetric water content below silver maples in plot 1. A 95% confidence interval was
used to calculate the p-values at a 0.05 significance threshold.
Plot

Mean

95% family wise

95% family wise confidence

P-value

difference

confidence interval

interval upper bound

(significant

lower bound

threshold =
0.05)

4-1

6.63500000

1.3060555

11.96394446

0.0091720

17-1

11.5933333

6.2643889

16.92227779

0.0000212

3
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24-1

8.46750000

3.1385555

13.79644446

0.0008545

11-4

-7.8558333

-13.8137744

-1.89789230

0.0054872

5.1360555

15.79394446

0.0000758

3
17-6

10.4650000
0

24-6

7.33916667

2.0102222

12.66811113

0.0036458

17-9

9.49499983

4.1660554

14.82394429

0.0002393

24-9

6.36916650

1.0402220

11.69811096

0.0130027

17-10

7.95833283

2.6293884

13.28727729

0.0016350

17-11

12.8141666

6.8562256

18.77210770

0.0000245

7
23-11

6.75583333

0.7978923

12.71377436

0.0199371

24-11

9.68833333

3.7303923

15.64627436

0.0006659

23-17

-6.0583333

-11.3872778

-0.72938887

0.0195319

3

Appendix A 4. Raw values for the volumetric water content below species in the resistance
plots. The species column represents the two species in comparison while the second column
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represents their average volumetric water content difference. For example, river birch American elm represents the difference of the mean volumetric water content below river birch
trees subtracted by the mean volumetric water content below American elm trees within
resistance plots. A 95% confidence interval was used to calculate the p-values at a 0.05
significance threshold.
Species

Mean

95% family wise

95% family wise

P-value

difference

confidence

confidence

(significance

interval lower

interval upper

threshold = 0.05)

bound

bound

-7.01696119

-0.3302055

0.0296825

-9.15598912

-2.4692334

0.0012704

River birch -

-3.6735833

American elm

2

River birch -

-5.8126112

cottonwood

5

Silver maple -

3.48400011

0.14062224

6.8273780

0.0400343

3.42883342

0.08545555

6.7722113

0.0436819

river birch
Swamp white oak
- river birch

Appendix A 5. Raw values for the volumetric water content below species in the transition plots.
The species column represents the two species in comparison while the second column
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represents their average volumetric water content difference. For example, river birch - pin oak
represents the difference of the mean volumetric water content below river birch trees subtracted
by the mean volumetric water content below pin oak trees within transition plots. A 95%
confidence interval was used to calculate the p-values at a 0.05 significance threshold.
Species

River birch - pin

Mean difference

95% family wise 95% family wise p-value
confidence

confidence

(significance

interval lower

interval upper

threshold = 0.05)

bound

bound

-2.8396667

-5.5110789

-0.1682544

0.0346798

-4.0463334

-6.7177456

-1.3749211

0.0026161

-2.9156666

-5.5870789

-0.2442544

0.0293804

3.1222222

0.4508100

5.7936345

0.0187183

oak
River birch - red
maple
American
sycamore - red
maple
Tulip poplar river birch

Appendix A 6. Organic matter in mass percent for each plot where soil samples were measured
at Crosby Farm. Plot 17 has the highest organic matter content while plot 1 has the lowest
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organic matter content; this may explain the volumetric water content differences.
Plot

Mass of

Mass of dry

Mass of

Difference between dry

wet sample

sample (g)

organic free

and organic free sample (g) matter (mass

(g)

sample (g)

Organic

%)

1

15.370

11.9803

11.237

0.743

0.062

4

14.683

11.7917

11.046

0.746

0.063

6

15.507

11.7766

10.771

1.006

0.085

9

15.567

11.8823

10.635

1.247

0.105

10

14.652

10.8668

9.875

0.992

0.091

11

14.194

13.8463

12.666

1.180

0.085

17

14.362

8.9984

7.466

1.533

0.170

22

14.502

10.1079

9.114

0.994

0.098

23

14.008

10.2578

8.831

1.423

0.139

24

14.214

9.2261

7.835

1.391

0.151

8.2 Appendix B
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Appendix B 1. Average volumetric water content below species.

Appendix B 2. Average volumetric water content below species without the effect of plot 17.
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Appendix B 3. Bar graph representing the mean volumetric water content by date across the
transition and resistance treatments.

Appendix B 4. Mean volumetric water content below species by date without the influence of
plot 17.
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Appendix B 5. Volumetric water content versus organic matter mass percent. Without the effect
of plot 17, the correlation between these two variables decreases from 0.66 to 0.40.
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